Abstract-An express assay for screening of potato transformants by their GFP fluorescence intensities is developed. In comparison to the widely used methods of transgenic plant screening by PCR, Real-Time RT-PCR or Northern-blotting, the GFP fluorescence assay needs no expensive reagents and takes less time. This approach may also be used for nondestructive screening of the T0 transgenic regenerants which can be further grown and used. To prove this assay reliability, the expression of the hGFP gene in the leaves of transgenic potato (cv. Skoroplodny) plants, determined by its mRNA accumulation, was compared to GFP fluorescence intensity in the micro-samples of aseptic plant leaves. The strong correlation between the results of these two methods is the evidence of positive dependence of GFP fluorescence intensity on the target mRNA content.
INTRODUCTION
The green fluorescent protein (GFP) from the jellyfish Aequorea victoria is widely used as a reporter in studies of gene expression and localization of target proteins in cells of bacteria, humans, and plants [1] . GFP gene encodes the protein that, under the excitation with blue light (at 488 nm), emits green fluorescence at 506 nm [2] .
Fluorescence of GFP does not depend on the type and location of cells and is resistant to photobleaching. GFP protein is stable under various conditions [3] and may be optically detected and quantitatively estimated in fluorescing tissues of alive plants without using cell lysis or other biochemical pretreatments. The protein makes possible the optical study of cell structures and molecular dynamics as well as monitoring of pathogens in plant preparations of minimal size [4] . It is known, that while the level of GFP expression is growing, the GFP protein content is growing too both in intact leaves and in protein extracts of transgenic plants [5] .
The efficiency of GFP insertion is usually determined by the only fact of luminescence, whereas particular tasks require a quantitative estimation of the gene expression. For this purpose, Northern-blotting or real-time reverse transcription polymerase chain reaction (Real-Time RT-PCR) is often employed, but these methods require expensive reagents and equipment and take much time. Up-to-date methods of fluorescence measurement allow a precise evaluation of the GFP accumulation in isolated cells, but they are poorly applicable to such complex objects as intact tissues of plant leaves.
Taking into account plenty of information devoted to the use of the GFP gene as a reporter in the investigations of transgenic plant tissues, the aim of our study was to develop an express assay for the primary screening of potato transformants and preliminary estimation of the GFP gene expression rate with a minimal expenditure of equipment, reagents, and time.
MATERIALS AND METHODS
1. Initial Material 1.1. Genetic construct. We created the genetic construct pBI-RbcS-GFP for expression of the GFP reporter gene in plant cells. The ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit promoter (rbcS) was amplified from genomic DNA of tobacco cv. Samsun with the help of 5'-GCGCAAGCTTGT-GGGAACGAGATAAGGGCGAAGT-3' (RB-F-Hind) and 5'-GCGTCTAGATGTTAATTACACTTAG-ACAGAA-3' (Rb-R-Xba) primers. It was inserted into the pTZ57R/T vector (Fermentas, Lithuania) and sequenced. The sequence of the promoter was fully identical to the reported one [6] . Afterwards, the pro-
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moter was inserted into the pBI121 vector (Clontech, United States) at the HindIII and XbaI restriction sites. The resulting construct was referred to as pBI-RbGUS. The modified hGFP gene was cut out from pTR-UF2 [7] by NotI restrictase and inserted into the pBluescriptII KS(+) vector (Stratagene, United States) at the NotI restriction site to use the XbaI and SacI sites that are present both in the pBluescriptII KS(+) and pBI121. The obtained plasmid was called KS(+)-hGFP. Then, the DNA fragment containing hGFP was cut out from KS(+)-hGFP to be inserted into the above-mentioned pBI-RbGUS construct from which the glucuronidase-coding GUS gene had been previously cut out with XbaI and SacI. The resulting construct was named pBI-RbcS-GFP.
1.2. Plant material. By means of the modified method of transformation [8] , transgenic plants of potato cv. Skoroplodnii carrying hGFP gene were obtained. These plants were compared with the nontransformed plants of the initial cultivar and the NPTII lines of potato (containing the selective gene encoding neomycin phosphotransferase-II). The plants were maintained for 3 weeks in test tubes with mineral components of MS medium [9] , 2% sucrose, and 7% agar without hormones and antibiotics at 22-24°C, at 16-h daily illumination at 6000 lx, and 75% relative humidity.
Genetic Analysis

Polymerase chain reaction (PCR).
Genomic DNA was isolated from potato plants using cetyltrimethylammonium [10] . PCR method with primers-forward 5'-CCCCATATGAGCAAGGGCGAG-GAA-3' (GFPhNdeI) and reverse 5'-CCGGTCAC-CACCTAGGAGGGCCCTTGTACAGCTCGTCCAT-3' (3'myGFP)-was used to reveal hGFP gene. The amplified fragment was 742 bp in length. The amplification was performed in a Tertsik programmed thermocycler (ZAO DNK-Tekhnologia, Russia) in a 25-μL volume. The analysis included primary denaturation at 94°С for 2 min; 5 cycles of 20″ denaturation at 94°С, 10″ annealing at 60°С, and 10″ elongation at 72°С; 35 cycles of 5″ denaturation at 94°С, 5″ annealing at 60°С, and 5″ elongation at 72°С; final elongation at 72°С for 2 min. Reaction products were separated by electrophoresis in 1.5% agarose gel with 0.01% ethidium bromide in onefold Tris-borate buffer. To verify lengths of fragments, M11 marker of molecular mass (1 Kb DNA marker, SibEnzim, Russia) was used.
2.2. Northern-blotting analysis of GFP expression. Total RNA was isolated by the method kindly provided by Il-Ho Kang (University of Florida, United States). Plant tissue (0.2 g) was disrupted in liquid nitrogen in a mortar with pestle and was flooded with 400-μL mixture (1 : 1, v/v) of acid phenol (Sigma P4682) and RNA extraction buffer consisting of 0.1 M LiCl, 1% sodium dodecylsulfate, and 10 mM disodium EDTA in 0.1 M Tris-HCl buffer, pH 7.5. After thawing the material, it was transferred to microcentrifuge test tubes, agitated for 5 min, mixed with 200 μL chloroform, agitated again for 15-30 min, and centrifuged at 20 000g for 30 min. The upper phase was placed into another test tube. Then the extraction with chloroform was repeated. 8 M LiCl (one third volume of the phase) was added to the water phase followed by 16-h incubation at 4°C. RNA was then sedimented by centrifugation at 12 000g for 30 min. The pellet was washed with 96% ethanol and dissolved in 15-30 μL water. The RNA concentration was determined spectrophotometrically at 260 nm. Electrophoresis of 30 μg RNA in 2% agarose with formaldehyde and RNA transfering to Hybond-N+ membrane (GE Healthcare, United States) were carried out according to the method [11] . The hGFP fragment was cut off from pTR-UF2 with NotI restrictase. Then it was isolated from agarose gel with the use of Silica Bead DNA Gel Extraction Kit (Fermentas, Lithuania), and later it was used for preparation of 32 P labeled DNA probe. The last procedure employed NEBlot Kit (New England Biolabs, United States). Prehybridization and hybridization were performed in a buffer containing 7% SDS, 0.25 M sodium phosphate, 1 mM EDTA, 10 g/L BSA, and 50 mg/L of low-molecular DNA from herring sperm in a Robbins hybridization incubator (United States) at 65°C. The previously prepared DNA probe was added to the hybridizing buffer. After successive washings with ×1, ×0.1, and ×0.1 citrate buffer containing 0.1% SDS at 65°C, the membrane was exposed for 20 days in a PhosphoImager cassette (GE Healthcare). The signal intensity was measured using the ImageQuant TL version 7.0 program (GE Healthcare).
3. Measurement of Fluorescence 3.1. Preparing of micropreparations. The second fully developed uppermost leaf of 4-6 mm in length was detached from an aseptic plant, which represented a primary regenerant with forceps under sterile conditions in a laminar box. The petiole and 1-mm basal part of a leaf blade were removed with a scalpel. The prepared explant was placed in a droplet of distilled water on a microscopic slide and covered with a cover glass with slight pressure to remove air bubbles. Three preparations were made per each genotype.
3.2. Microscopy. Five fields of view were observed and photographed for each preparation. Leaf sections-between veins, veins themselves, and, in some cases, trichomes-were examined. The fluorescence was analyzed under an AxioImager Z2 fluorescent microscope (Carl Zeiss, Germany). Green fluorescent protein was analyzed under an HBO-100 mercury lamp with a #38 filter set (Cat. no. 000000-1031-346, Carl Zeiss). Excitation was at 440-470 nm and emission was at 525-550 nm. All the studied plant lines were photographed at uniform exposition and lamp aperture. Photographs were taken with a highly sensitive AxioCam MRm monochrome camera (Carl Zeiss).
3.3. Image analysis. The images were treated with the AxioVision or ZEN Blue programs (Carl Zeiss). Standard deviation and correlation coefficient (r) for two data massifs were computed with Microsoft Excel.
RESULTS
The initial material for development of the assay was obtained by means of agrobacterial transformation by the modified method and the construct created by us [8] . As a result, 15 primary regenerants of potato cv. Skoroplodnii were produced. PCR confirmed the presence of the target gene in nine lines, and the level of mRNA accumulation was determined by Northernblotting (Fig. 1a) .
The intensity of GFP fluorescence was evaluated by its average value taken from (1) a profile drawn in the AxioVision 4.8 program (Carl Zeiss) along a diagonal of a photograph (with a Profile tool) (Fig. 2a) and (2) an entire field of vision in the ZEN Blue program (with a Rectangle Aligned tool) (Fig. 2b ).
An indirect approach was used to find optimal conditions to produce representative photos of the samples, where an intensity of fluorescence falls into a range of camera sensitivity between zero (black) and 4095 units (white). The dependence of a visible intensity of GFP fluorescence on an exposition time of an AxioCam MRm camera within 1-10 000 ms was esti- (Fig. 2c) . In this series, the short (1-100 ms) and long (3000-10 000 ms) expositions did not visually differ as to a sample's fluorescence.
With the Rectangle tool of the ZEN program, we estimated the fluorescence intensity in at least ten photos taken with each selected exposition. Mean values and their SDs are represented as a plot (Fig. 2d) . It shows that the dependence is linear over an exposition range from 10 to 1500 ms that points to validity of our approach. At longer expositions, some pixels are overexposed, since their intensities are equal to or more than 4095 relative units. This is beyond the camera sensitivity and does not allow quantitative estimation of the fluorescence. From 3000-4000 ms, the entire sample looks overexposed, which corresponds to a plateau on the plot.
Before taking pictures of all the studied plant lines, the exposition time was adjusted to prevent the overexposition. The first tentative shots were made with an exposition within the range of linear dependence of camera sensitivity. The optimal exposition of 500 ms was chosen with the OverExposition function of the AxioVision 4.8 program. This resulted in representative photos with well-discernible cells. All the sample photographs were taken with a uniform exposition time. They demonstrate clear differences in fluorescence intensity of leaf tissues between the initial cultivar (29), NPTII and GFP-transgenes (400-408), i.e., between the plants containing or not containing the GFP gene (Fig. 3) Analysis of fluorescence relative intensity in leaves of aseptic plants of the initial cv. Skoroplodnii and its transgenic lines with confirmed insertions of GFP and NPTII revealed significant (at p ≤ 0.05) differences of GFP-transgenes and plants not carrying the hGFP gene (the initial cultivar and NPTII). The measurements were performed using both the Profile tool of the AxioVision 4.8 program (Fig. 1b) and the Rectangular tool of the ZEN Blue program (Fig. 1c) . Figure 1 demonstrates positive correlations between values of mRNA accumulation and relative fluorescence determined using Profile (Fig. 1b) and Rectangular (Fig. 1c) modes. Correlation coefficients between relative fluorescence and mRNA accumulation were +0.832 and +0.852 for the Profile and Rectangular, correspondingly. In addition, there were no significant (at p ≤ 0.05) differences between the fluorescent measurements obtained with the Profile and Rectangular tools in each line of GFP-transgenes. Values of relative fluorescence measured by the two approaches highly correlated with each other (r = +0.962).
DISCUSSION
The express method was designed with the use of the potato transgenic plants expressing the modified hGFP gene, which is optimized for expression in mammalian cells [7] . However, the analysis of frequencies of codon use in this gene by the close species Nicotiana tabacum did not reveal codons that are rarely used by this plant (http://gcua.schoedl.de/sequential_v2.html). Therefore, the content of this gene codons should not hinder its expression in potato. The gene was under the control of the strong and specific for green tissues promoter of the small subunit of tobacco ribulosebisphosphate carboxylase/oxigenase and was employed earlier for expression of reporter genes in plants [12] . Figure 3 represents microphotographs of GFP fluorescence in transgenic plants. The cell nuclei can be seen in which GFP is localized more often than in the cytoplasm; this was also reported by other workers [13] . Despite similarity of results of fluorescence measurements made by Profile and Rectangular methods, the latter gives more precise data, because the Profile signal depends on how the profile line is drawn. Figure 2d shows that the data of fluorescence intensity are linear over a wide (at least, 10-fold) range. This makes it possible to study the controlled GFP expression and to detect the GFP presence in plants in which the GFP expression is decreased for some reason (for instance, due to a nonoptimal site of insertion of a carried fragment of an agrobacterial DNA).
In recent years, tissues of transgenic plants in which the GFP gene is used as a reporter are often analyzed with automated methods to avoid subjectivity of an operator's estimation of results. In this case, taking and collecting images of tissues and cellular structures, as well as quantitative analyses of GFP fluorescence, are accomplished by automated systems, including a fluorescent microscope, a robotized platform, and a specialized computer program [14] . Indeed, such an approach ensures high precision, because of a larger number of the tested samples. However, these methods are highly-specific. Their use is limited for a wide spectrum of objects and inapplicable to explants with complicated organization and whole plant organs.
In contrast, the proposed express assay of leaf fluorescence does not require any specialized systems and expensive software. It is compatible with diverse plant objects and can operate, practically, in any laboratory; the only requirement is a fluorescent microscope at least of entry-level. Furthermore, the assay may be useful in experiments employing fluorescent protein as a quantitative reporter. This is especially urgent for genetic constructs where a target gene is fused with the reporter GFP gene. Thus, using GFP allows to estimate novel vectors assigned for heterologic expression of different proteins or for studies of promoter activities [15, 16] The most valuable feature of express methods is the rapidity of data acquisition. The one proposed by us does not require subsequent treatment and graphical editing of microphotographs but offers highly significant information of a reporter gene expression.
Primary screening of potato regenerants after their transformation with marker genes, for example, NPTII, traditionally uses selection of lines that root on selective media followed by PCR analysis, Northern blotting, or RT-PCR. The subsequent multiplication and culturing regenerants to yield a vegetative mass sufficient for biochemical analyses, take 2-3 months. They are labor-consuming, and require substantial expenses for reagents and cultivation. Moreover, the subsequent isolation and analyses of target DNA and RNA are also long-term and expensive. In total, the time needed for screening of transformants may take 6 months in case of the traditional method is employed. The express method proposed allows to screen plant lines by their GFP fluorescence at the stage of primary regenerant in in vitro culture without sophisticated molecular biological methods. This accelerates and facilitates the process of creation of economically valuable new forms of potato with valuable traits. 
